Abstract Application of enzymes for the removal of environmentally hazardous synthetic dyes from waste water has been considered eco-friendly and economic as compared with nonenzymatic techniques. In the present study, response surface methodology has been applied to decolorize and detoxify a recalcitrant and toxic anthraquinone dye Remazol Brilliant Blue R (RBBR) using Coriolopsis caperata DN laccase. Optimum concentrations of laccase, pH, and temperature for decolorization of RBBR dye (100 to 500 ppm) were 0.5 U ml −1 , 3.5, and 40°C, respectively. Result of RSM
Introduction
One of the major and serious problems of the modern world is environmental pollution. Highly colored waste water generated by industries like textile, paper and pulp, dyestuff, distillery, tanneries, printing, cosmetic, plastic, and pharmaceuticals is a major contributor to pollution problem. Many different types of synthetic dyes having complex organic structures including acidic, basic, disperse, azo, diazo, anthraquinone based, and metal complex are used by these industries. Every year, at least 10% of the used dyestuff enters in the environment out of 800,000 tons of world production [1] . Anthraquinone dye Remazol Brilliant Blue R (RBBR) is frequently used for the production of polymeric dyes but has toxicity and recalcitrance due to the anthracene derivative [2] and is possibly carcinogenic to humans (group 2B) (https:// monographs.iarc.fr/ENG/Monographs/vol101/mono101-001). Presence of dyes in water can cause diseases like hemorrhage, ulceration of skin, nausea, severe irritation of skin, and dermatitis. It also hampers the growth of photoautotrophic organisms and increases the biochemical oxygen demand of the water [3] . Due to complex chemical structure and synthetic origin, dyes are usually resistant to decolorization by exposure to light, water, and various chemicals [4] . The strong persistent color, high biological oxygen demand (BOD), and carcinogenicity are environmentally unacceptable [5] which direct to develop efficient and economical processes for the degradation of synthetic dyes.
Enzymatic removal of synthetic dyes is more acceptable as compared with conventional physicochemical techniques because of its simplicity, low cost, effectivity over a wide range of pollutant concentration and physiological condition, minimal impact on ecosystem and less sludge production. The pathway used by different microorganisms/enzymes for the degradation of dyes depends on dye structure. It is necessary to identify the products after biodegradation to determine the mechanistic pathways involved and assess the toxicity of the intermediates or degraded product compared with original dyes [6] .
Laccases can decolorize broad range of synthetic dyes by catalyzing mono-electronic oxidation of molecules to corresponding reactive radicals with conversion of oxygen to water [7] . Hence, laccase and laccase-mediated system (LMS)-assisted dye decolorization may provide a reasonable basis for the development of biotechnological processes for removal of color and aromatic compounds from various industrial effluents at large scale [8] [9] [10] . For development of sustainable technology, it is necessary to isolate new microorganisms and enzymes, with broader substrate specificity and higher activity to control pollution [6] . For making the overall process cost effective and time saving, statistical approaches like response surface methodology (RSM) can be applied to optimize enzymatic dye decolorization process. Recently, the potential application of RSM in the laccase-mediated decolorization of various dyes has been published [11] .
The present research work has been undertaken to evaluate the potential of laccase from Coriolopsis caperata DN to decolorize RBBR dye using statistical design (response surface methodology) where RBBR dye concentration, laccase concentration, and time were considered important parameters. Kinetic and energetic study of RBBR decolorization by laccase, analysis of biotransformation products using highperformance thin-layer chromatography (HPTLC), Fourier transforms infrared spectroscopy (FTIR), and liquid chromatography-mass spectroscopy (LC-MS), as well as the assessment of the toxicity of degraded RBBR dye products have also been carried out.
Materials and Methods

Chemicals
RBBR and 2,2′-azino-bis-(3-ethylbenzthiazoline-6-sulphonate) (ABTS) were from Sigma-Aldrich (St. Louis, MO, USA). The chemical formula of RBBR dye is C 2 2 H 1 6 N 2 Na 2 O 11 S 3 , and its molecular weight is 626.54 g M −1 .
Production and Partial Purification of Laccase
White rot fungus isolated from natural source was identified as C. caperata DN (NCBI, accession no. KF564288). Laccase enzyme was produced by C. caperata DN in statistically optimized medium under submerged condition. The fermented broth obtained after separation of mycelial mass from the medium was subjected to fractional precipitation by ammonium sulfate. The enzyme protein precipitated between 40 and 60 g% (w/v) was collected and then suspended in 100 mM sodium phosphate buffer (pH 7.0) and dialyzed against the same buffer overnight at 4°C with three changes of equal intervals. The dialyzed enzyme solution was used for the decolorization of RBBR dye.
Laccase Enzyme Assay
Extracellular laccase activity (E.C.1.10.3.2) was measured at 30°C by the oxidation of ABTS. The reaction mixture contained 500 μl of 1.0 mM ABTS, 2400 μl of 20 mM Naacetate butter (pH 3.5), and 100 μl of appropriately diluted enzyme sample. Increase in absorbance for 5 min was measured spectrophotometrically using SPECORD 200 PLUS Spectrophotometer against a suitable blank at 436 nm (ε = 29,300 cm
) [12] . One enzyme unit (U) was defined as 1.0 μM of product (ABTS + ) formed per minute under the assay conditions.
Optimization of RBBR Dye Decolorization
Effect of Physicochemical Parameter on Dye Decolorization
Stock solution of RBBR dye (1000 ppm) was prepared in 100 ml deionized water. The decrease in the spectral absorbance during decolorization of RBBR dye (592 nm) by laccase was recorded using UV-visible spectrophotometer. Effect of pH was studied at different pH ranges (pH 2.5-7.0). Influence of temperature towards decolorization of dyes was studied at optimum pH at different temperature ranges (10-50°C). Effect of temperature on the rate of dye decolorization was expressed in terms of temperature quotient (Q 10 ) value which is a measure of the temperature sensitivity of an enzymatic reaction rate by 10°C [13] .
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A control test containing the same amount of a heatdenatured laccase was performed in parallel. The percentage of dye decolorization was calculated according to Xin and Geng [14] by using the formula:
where D is the percent decolorization, A ini is the initial absorbance, and A obs is the observed absorbance. Decolorization percentage of RBBR dye was converted to milligrams per millilter and finally in millimolar concentration.
Statistical Optimization of RBBR Dye Decolorization
Central composite design of RSM was performed to optimize the concentration of RBBR dye, laccase enzyme, and time in minutes. The range of coded and uncoded variables is given in Table 1 . A five-level three-factor CCD requiring 20 experiments was used in the study ( Table 2 ). The CCD consist of a 2 K factorial runs with 2k axial runs and X 0 number of center points (six replicates). The number of experimental run was calculated as:
where N is total experimental run (20) , K is number of variables (3), and X 0 is the number of central points (6) . The behavior of the system was explained by the following quadratic equation.
where Y is predicted response, β 0 is constant, β i is linear term coefficient, β ii is quadratic term coefficient, β ij is interaction coefficient, and X i is dimensionless-coded value of X i [15] . Quadratic multiple regression equation and the response surface contour plots (Design Expert software (version 9) from Stat-Ease, Inc., Minneapolis, MN, USA) were used to analyze and interpret the data of RBBR degradation. After optimization, an experiment was run using the optimum values for variables to validate the predicted and experimental value of RBBR degradation.
Kinetics and Thermodynamics of RBBR Decolorization
Kinetics of Decolorization
To optimize the concentration of laccase for decolorization of RBBR dye, 0.2 to 2.0 U ml −1 of enzyme and 100 ppm RBBR dye was used under optimized condition. Optimized enzyme concentration was used for decolorization of the dye (0.079-0.79 mM) at different time intervals, and the velocity was determined by using the slope at each dye concentration (Fig. 1c) . The Michaelis-Menten curve was then drawn by plotting the obtained initial velocity (1/V 0 ) against dye concentrations (1/S). The kinetic constants (V max , K m , K cat , and K cat /K m ) were determined by Michaelis-Menten kinetics.
Thermodynamics of RBBR Degradation
The effect of temperature on decolorization of RBBR was evaluated by performing the dye decolorization (0.1-0.5 mM) experiment at 10-50°C temperature, and the obtained velocities (for each temperature) were plotted against initial dye concentrations. The apparent first-order rate constant (K) for each temperature was calculated based on the slope of each trend line. The Arrhenius curve achieved by drawing the ln
) (T is the absolute temperature (K)) was used to calculate the value of activation energy (Ea). The slope of Arrhenius plot indicates −Ea/R where Ea is activation energy and R is the gas constant (8.3145 J/mol K). K eq is the apparent equilibrium constant and was calculated from the difference of initial dye concentration and residual dye concentration at equilibrium state [16] . The Van't Hoff plot was drawn by plotting the ln (K eq ) against 1/T (×10 3 K −1 ) and used to estimate the enthalpy (ΔH) and entropy (ΔS) while the Gibbs free energy (ΔG) was calculated using the equation:
Analysis of Metabolites of RBBR Degradation
Spectral Scanning
After decolorization of RBBR dye (100-500 ppm) by laccase, the spectral scan (190-1100 nm) of each solution was carried out using UV spectrophotometer and changes in its absorption spectrum were recorded.
High-Performance Thin-Layer Chromatography
HPTLC chromatogram was obtained by spotting metabolites obtained after decolorization on the silica gel-coated glass plate. The composition of mobile phase was water:butanol:glacial acetic acid:pyridine (2:4:
The control dye and postdegradation metabolites were analyzed by scanning at 200-800 nm using TLC scanner (CAMAG), and the results were generated by using HPTLC software WinCATS 1.4.4.6337.
Fourier Transforms Infrared Spectroscopy
FTIR analysis was done in the mid-IR region of 400-4000 cm −1 with 16 scan speed. The pellets prepared using spectroscopic pure KBr (5:95) were fixed in a sample holder to carry out analysis.
Liquid Chromatography-Mass Spectroscopy
Identification of postdegradation metabolites of RBBR was carried out using a LC 8030 gas chromatography coupled with mass spectroscopy (Shimadzu, Japan). The ionization voltage was 35 eV, and nitrogen was used as a carrier gas with a flow rate 0.5 ml min −1 and 35 min run time. Gas chromatography was conducted in temperature programming mode with a C-18 column (4.6 × 150 m; particle size is 5 μm). The mobile phase was composed of acetonitrile and distilled water (65:35) while the temperature of column oven was 280°C and of injection was 200°C. Temperature was hold at 40°C for 1 min then rose to 280°C at 10°C rise min −1 [2] . 
Phytotoxicity Assay
Phytotoxicity test was carried out in order to assess the toxicity of RBBR before and after laccase treatment using Phaseolus mungo (dicot), pulses normally cultivated in India. Phytotoxicity was conducted at room temperature using different concentrations of control dye (100, 50, 25, and 12.5 ppm) and laccase-treated dye. Twenty seeds of P. mungo were soaked in 10 ml solution of control RBBR and its degradation products for 24 h while distilled water was used as control. After 24-h incubation, the seeds were placed in a glass petriplates, containing a filter paper soaked in 2 ml of each dye concentration. The plates were incubated in the dark for 3 days. Germination percentage of seeds as well as the length of radical was recorded after incubation, and the germination index (GI) was calculated by Eq. (5) while the inhibitory concentration that causes 50% inhibition of growth of radicals (IC 50 ) was also calculated.
where GP is germinated seeds expressed as percentage of control value and I a and I c were average root length (mm) in dye solution and in the control, respectively.
Acute Toxicity Assay
For acute toxicity test, the freshwater copepod Cyclops was used according to the methodology developed by Marus et al. [17] . The adult Cyclops was transferred to each set of tubes (ten per tube) with different concentrations of control dye (100, 50, 25, and 12.5 ppm) and enzyme-treated dye. Negative control (aerated distilled water) was kept in parallel. The number of surviving Cyclops was counted after 24 h of incubation, and the lethal concentration (LC 50 ) was calculated.
Microtoxicity Assay
To determine the microtoxicity of RBBR dye before and after laccase treatment, two Gram-negative (Escherichia coli, Enterobacter aerogenes) and three Gram-positive (Micrococcus luteus, Staphylococcus aureus, and Bacillus subtilis) bacterial cultures were used. A culture of each bacterial strain was prepared in Muller-Hinton broth, and 0.2 optical densities were set at OD 600. Filter-sterilized RBBR dye solution (laccase-treated and untreated) with100 ppm concentration was separately added to each culture medium and incubated at 37°C for 10 h. Change in OD 600 was recorded after every 2 h for each bacterial strain, and the results were analyzed as percentage of growth inhibition (GI%) which was calculated as
where OD 600S is the OD 600 of sample and OD 600c is the OD 600 of control.
Result and Discussion
Ligninolytic white rot fungi effectively degrade recalcitrant synthetic dyes due to the production of extracellular ligninolytic enzymes, mainly laccases [11, [18] [19] [20] . In the present study, we used laccase enzyme produced by indigenous fungal isolate C. caperata DN, under submerged condition, to decolorize and detoxify anthraquinone dye RBBR.
Physiological Optimization of RBBR Decolorization
The effect of pH and temperature were studied at pH values between 2.5 and 7.0 and temperature between 10 and 50°C using 100 ppm dye and 0.5 U ml −1 laccase. Optimum pH for decolorization of RBBR was 3.5, and the range of pH was 3.0 to 6.0 while the optimal temperature for decolorization was 40°C. Fungal laccases decolorize all applied dyes maximally at acidic pH 5.0 [21] . The enzyme activity is decreased at higher pH due to the binding of OH − ion to T2/T3 coppers of laccase which interrupt the internal electron transfer from T1 to T2/T3 centers of laccase [22] . The rate of reaction of dye decolorization was enhanced by increasing temperature, and the optimum temperature for dye decolorization was 40-60°C [23] which was in agreement with the obtained result. Temperature quotient (Q 10 ) value which gives an increase of rate of reaction due to rise in temperature by 10°C was 1.49. The effect of laccase concentration on the rate of RBBR decolorization was studied by using laccase concentration from 0.2 to 2.0 U ml −1 with dye concentration at 100 mg l −1 . The rate of RBBR decolorization linearly increased up to 0.5 U ml −1 of enzyme (Fig. 1a) ; hence, 0.5 U ml −1 concentration of laccase was selected for further study. The result of RBBR (0.079 to 0.79 mM) decolorization after treatment with the laccase at different time intervals is shown in Fig. 1b , which shows that the RBBR decolorization rate is linear with increasing concentration of dye up to 6.0 min and all the concentration of RBBR was decolorized up to 75.0% within 45.0 min under optimized condition. The spectral scan (190-1100 nm) result of RBBR dye (100 ppm) before and after laccase treatment to various concentrations of RBBR dye (100-500 ppm) indicates (Fig. 2 (b) ) that the peak of parent dye RBBR disappears and a new peak is obtained, suggesting oxidation of dye.
Optimization of RBBR Decolorization Using RSM
Substrate concentration affects the velocity of reaction, while enzyme concentration affects the cost of bioprocess. The responses generated by performing a total of 20 runs which include concentration of each component at two levels were used to obtain quadratic model presented in Table 2 . The value of lack of fit, model F value, and model p value were found to be 2.66, 3589.38, and < 0.0001, respectively, indicating that the model was significant. In addition, Table 3 indicates laccase activity (A), dye concentration (B), time (C), and their interactions; AB, BC, A 2 , and C 2 as significant model terms (p value < 0.0001). The coefficient of determination R
2 is also applied to analyze the fitness of model, and in the present study, it was found to be 0.998 indicating that only less than 0.20% of the total variance could not be explained by the model. The Bpred r-squared^of 0.99 is in reasonable agreement with the BAdj r-squared^of 0.99. BAdeq Precisionm easures the signal-to-noise ratio, and it is 204.61 which is greater than 4.0 and indicates adequate signals. The higher significance of squared terms (A 2 , C 2 ) shown in Table 3 indicates that optimum values of variables used for dye decolorization are within the range of selected values [15] . The low coefficient variation (2.21%) confirms the precision and reliability of the model experiment performed. The quadratic model explains the statistical relationship between the selected variables, and the response in terms of coded factors was best fitted with the following equation.
Fig. 2 Analysis of RBBR degradation products by TLC (a). Spectral scan result of RBBR dye before and after laccase treatment (b). HPTLC analysis of RBBR dye (c1) and its product (c2). FTIR analysis of control dye (d1) and degraded product (d2)
where R1 is the response (yield of decolorization) and A, B, and C are laccase activity, dye concentration, and time, respectively. In order to investigate the relation between independent variables and their responses, contour plots were generated by RSM using the Design Expert software. The response surface plots (Fig. 3) presents the decolorization of RBBR dye as function of two variables while the third one is kept at a constant level. Surface plot demonstrates an increase in dye decolorization with rise in the enzyme concentration. Figure 3a, c clearly shows that even small alterations of the enzyme concentration influence the decolorization rate. On the basis of the result of R1 and three-dimensional response surface graphs (Fig. 3) , the optimal levels for enzyme activity, dye concentration, and time were found to be 1 U ml −1 , 1000 mg l
, and 60 min, respectively. Validation was carried out by solving Eq. (7) and analyzing response surface graphs. As shown in Table 4 , the maximum decolorization efficiency is 542.77 ± 9.21 mg l −1 implying a strong similarity between experimental and predicted values. Osma et al. [24] reported ) within 1.7 h. Soares et al. [28] reported that commercial laccase at 10 U ml ) within 1 h, which is better than those reported by other authors in previous studies (Table 5) .
Kinetic and Energetic Study of RBBR Dye Decolorization
As shown in Fig. 1c , the linear relationship between the initial velocity and dye concentration proved that RBBR decolorization by enzyme is a first-order reaction. The K m and V max values of laccase determined through Lineweaver-Burk plot were 1.06 mM and 0.226 mM U −1 min
, respectively (Fig.  1d) . The number of RBBR molecules turned over per laccase molecule (K cat value) was 135.0 S , indicating high catalytic power of enzyme. Sathishkumar et al. [11] reported that the K m and V max values of P. florida laccase for RBBR dye decolorization was 145.82 mg l −1 and 24.86 mg l
, respectively, in the presence of laccase mediator HBT.
Arrhenius equation was used to study the effect of temperature on enzyme kinetics (Fig. 4b) , and the calculated activation energy (Ea) for RBBR dye degradation was 10.87 kJ M −1 , which was similar to the activation energy (14.25 kJ M −1 ) required for decolorization of acid blue 80
by laccase of Lentinus polychrous Lev. [32] . The Ea is the energy difference between the reactants and the activated complex, also known as transition state. The lower The lower enthalpy (ΔH) value showed that the formation of transition state or activated complex between enzyme and substrate was more efficient. The positive sign of ΔH and ΔS or the negative slope of Van't Hoff plot (Fig.  4c) implies that the reaction is endothermic and spontaneous at higher temperature. The feasibility and extent of a chemical reaction is best determined by measuring change in ΔG for substrate catalysis. The negative value of ΔG suggested that the reaction is spontaneous (Fig. 4d) .
Analysis of Metabolites
It is necessary to identify the metabolites produced from RBBR dye after laccase treatment in order to understand the mechanism of oxidative degradation of its chemically stable complex structure. Figure 2 shows the analysis result of RBBR dye degradation and metabolites formed after its treatment with laccase. The result of HPTLC analysis showed that the Rf value of RBBR dye is 0.58 at 592 nm, while after laccase treatment, two new bands were obtained with Rf values 0.34 at 401 nm and 0.40 at 511 nm ( Fig. 2 (a) ). Similar results (Fig. 2 (c1, c2) ) were observed in which a single major peak was obtained with control RBBR dye and two new peaks were obtained after laccase treatment. The results of FTIR analysis showed that 1634 peaks present in RBBR dye were absent in laccase-treated RBBR dye ( Fig. 2  (d1, d2) ), indicating that the primary amine bond (N-H, 1650-1590) disappeared and two new products were produced. LC-MS analysis was carried out to investigate the degradation products of RBBR dye after laccase treatment. Figure 5 represents the chromatogram (a1) and mass spectral (b1) data of RBBR dye which showed a major peak with a retention time of 22.16 min and m/z value 627.60 Da. The chromatogram data of laccase-treated RBBR dye showed new peaks with retention time of 19.48 min and 21.06 ( Fig. 5 (a2) ). Mass spectral (Fig. 5 (b2) ) data showed presence of intermediates having m/z values 337.20 and 343.30 Da. The present study proposed that laccase oxidizes RBBR dye and produced two subproducts (sodium1-amino-9,10-dioxo-9,10-dihydroanthracene-2-sulphonate and sodium 2-((3-aminophenyl) sulfonyl) ethyl sulfate) (Fig. 6) , which is similar to the result reported by Osma et al. [24] and Hadibarata et al. [2] .
Toxicity Test
Phytotoxicity Test with P. mungo
Effluent from dyeing industries may cause environmental and health hazard. Water after effluent treatment can be used for agriculture, so it is necessary to assess the toxicity of dye and its degradation products. Zucconi et al. [33] used germination index (GI) to evaluate the phytotoxicity which combines relative seed germination and relative root elongation in presence of phytotoxic compound. P. mungo (dicot), normally cultivated in India was used to assess the toxicity of RBBR and metabolites formed after its decolorization. As shown in Table 6 , root elongation, percentage of seed germination, and the GI of seeds grown at 200 ppm concentration of RBBR dye were found to be 12.5 ± 8.4 mm, 75%, and 40.5%, respectively. Root elongation, percentage of seed germination, and the GI of seeds grown in the presence of laccase-treated RBBR dye were found to be 24.65 ± 4.7, 100%, and 79.9%, respectively. The IC 50 value of RBBR (Fig. 7a ). According to Zucconi et al. [33] , less than 50% GI value indicates high phytotoxicity, values between 50 and 80% mean moderate phytotoxicity, and more than 80% indicates no phytotoxicity. Thus, the toxicity of metabolites produced after the treatment of laccase from C. caperata DN to RBBR dye is much lower than that of RBBR dye, and similar result was reported by Osma et al. [24] and Sathishkumar et al. [11] .
Acute Toxicity Test with Cyclops
The acute toxicity test was carried out using common water copepod Cyclops. After 24 h of incubation, the living Cyclops was counted and the calculated 50% lethal concentration (LC 50 ) was 40 mg l −1 (Fig. 7b) . Verma [34] , respectively. As shown in Table 7 , the mortality percentage of Cyclops was related to the concentrations of RBBR dye and enzyme-treated dye as well as duration of exposure. The result showed that the acute toxicity of RBBR dye was significantly reduced after laccase treatment.
Microtoxicity Test
Many protocols have been used to determine the toxicity of chemical compounds based on the inhibition of growth of bacterial or animal cells. As shown in Table 8 , the GI% of RBBR dye at 100 ppm for E. coli, E. aerogenes, M. luteus, S. aureus, and B. subtilis was found to be 35.06 ± 3.06%, 3 6. 8 4 ± 2. 1 7% , 7 0 ± 3 .5 7 % , 8 5 ± 2. 7 1% , a n d 53.24 ± 4.34%, respectively, while the GI% of laccasetreated RBBR dye was 2.59 ± 1.05%, 5.26 ± 1.87%, 4.21 ± 0.97%, 10 ± 2.32%, and 2.59 ± 2.51%, respectively. The result of the present study revealed that the toxicity of 
Conclusions
This is the first report which statistically evaluates the potential use of laccase enzyme from C. caperata DN to decolorize anthraquinone dye RBBR which represents an important class of toxic and recalcitrant organopollutants. The kinetic study
follows Michaelis-Menten model and thermodynamic parameters of the laccase enzyme suggests that this enzyme has great potential to be used commercially for large-scale treatment of industrial effluents. The analysis of laccase-treated RBBR dye solution showed that laccase oxidizes RBBR dye and degrades it into two end products. The toxicity tests showed that after laccase treatment, the toxicity of RBBR dye was significantly reduced. Laccase enzyme (1 U ml
) from C. caperata DN efficiently decolorize and detoxify 51.89% of 200 ppm RBBR dye within 6.0 min and 54.2% of 1000 ppm RBBR dye within 60.0 min without mediator, suggesting higher catalytic efficiency of laccase as compared with the ones reported. Thus, present study evaluates laccase produced by C. caperata DN as green catalyst to replace conventional oxidation processes generally applied for bioremediation of environmental pollutants. The t score and p value for cytotoxicity (24 h) were 9.39 and 3.2E−05, respectively. The result is significant at p ≤ 0.01 a Mean ± standard deviation The t score and p value for microtoxicity were 5.87 and 0.0042, respectively. The result is significant at p ≤ 0.01 a Mean ± standard deviation
